We propose a theoretical method for enantio-discrimination based on the light deflection effect in four-level models of chiral molecules. This four-level model consists of a cyclic three-level subsystem coupled by three strong driving fields and an auxiliary level connected to the cyclic three-level subsystem by a weak probe field. It is shown that the induced refractive index for the weak probe field is chirality-dependent. Thus it will lead to chirality-dependent light deflection when the intensity of one of the three strong driving fields is spatially inhomogeneous. As a result, the deflection angle of the weak probe light can be utilized to detect the chirality of enantio-pure chiral molecules and enantiomeric excess of chiral mixture. Therefore, our method may have potential applications in biology and chemistry.
I. INTRODUCTION
In nature, one of the most important manifestations of symmetry breaking is the separated existence of two molecular structural forms known as enantiomers (left-and righthanded chiral molecules) which are mirror images of each other [1] . Molecular chirality has received considerable interest due to its fundamental role in the activity of various biological molecules and chemical reactions [2, 3] . Despite this importance, detecting the chirality of enantio-pure chiral molecules and enantiomeric excess of chiral mixture (containing left-and right-handed molecules) remains an important and challenging task [4] [5] [6] [7] [8] [9] [10] .
The optical rotation, which refers to the rotation of the polarization plane of a linearly polarized light in a medium of chiral molecules, is one of the conventional spectroscopic methods for enantio-discrimination (detecting the chirality of enantio-pure chiral molecules and enantiomeric excess of chiral mixture) [11] [12] [13] [14] [15] . The optical rotation arises from the fact that the two enantiomers can lead to different refractive index for left-and right-circularly polarized lights [16] . Inspired by this, the reflection, refraction, and diffraction effects of left-and right-circularly polarized lights have been proposed to detect the chirality of enantio-pure chiral molecules and enantiomeric excess of chiral mixture in experiments [17] [18] [19] . Nevertheless, the chiral effects in most of these methods are based on the interference between the electric-and magneticdipole transitions and thus are weak since the magnetic-dipole transition moment is usually weak.
Recently, the cyclic three-level (∆-type) model [20, 21] of chiral molecules based on electric-dipole transitions has received much interest and has been widely used in enantioseparation [22] [23] [24] [25] and enantio-discrimination [26] [27] [28] [29] [30] [31] [32] [33] [34] . In such a model, the product of three Rabi frequencies in the cyclic three-level model can change sign with enantiomer, thus it will lead to chirality-dependent dynamic processes [23, 25, [27] [28] [29] [30] [31] [32] [33] [34] and steady-state optical responses [26] . * Electronic address: liyong@csrc.ac.cn
In this paper, we propose a theoretical method for enantiodiscrimination based on the light deflection effect in four-level models of chiral molecules. This four-level model consists of a cyclic three-level subsystem coupled by three strong driving fields and an auxiliary level which is connected to the cyclic three-level subsystem by a weak probe field. Here, one of the three driving fields is spatially inhomogeneous in order to produce spatially inhomogeneous refractive index for the weak probe light. Since the product of three Rabi frequencies corresponding to the cyclic three-level subsystem can change sign with enantiomer, the resultant refractive index leads to chirality-dependent propagation trajectory of the weak probe light which propagates in a medium of enantiopure chiral molecules. Therefore, the chirality of enantio-pure chiral molecules can be detected by monitoring the deflection angle of the weak probe light when it exits from the medium. Further, we demonstrate that such a chirality-dependent deflection angle can also be utilized to detect the enantiomeric excess of chiral mixture. Moreover, the tunability of the amplitude of the deflection angle and robustness of the measurement precision against the Rabi frequency corresponding to the inhomogeneous driving field and enantiomeric excess are also investigated.
Here, we remark that the principle of our method is to measure the deflection angle of a probe light when it exits from the medium of chiral molecules, which is very different from that of most optical rotation based methods [11] [12] [13] [14] [15] [16] [17] [18] [19] . Moreover, our method involves only the electric-dipole transitions and thus can produce desirable chirality-dependent deflection angle. Hence, our method may have wide applications in enantio-discrimination. This paper is organized as follows: In Sec. II, we derive the deflection angle of probe light which propagates in a medium of enantio-pure chiral molecules based on the fourlevel model and illustrate how to detect the chirality of two enantiomers via such a deflection angle. In Sec. III, we investigate the light deflection in a medium of chiral mixture and show the numerical results of detecting the enantiomeric excess of chiral mixture. Finally, the conclusion is given in Sec. IV.
II. DETECTING THE CHIRALITY OF ENANTIO-PURE CHIRAL MOLECULES
The principle of our method depends on the mechanism of light deflection which is an important technology in modern optics [35] [36] [37] . Recently, light deflection in homogeneous medium subject to inhomogeneous external fields has attracted much attention [38] [39] [40] . It has potential applications in many fields such as steering, splitting, focusing, and cloaking of optical beam [41] [42] [43] [44] [45] due to the achievement in significant deflection angle. In order to investigate the light deflection phenomenon in a gaseous medium of orientated enantiopure chiral molecules, we begin with the master equations describing the dynamical evolution of the four-level model of left-or right-handed molecule, and then derive the chiralitydependent deflection trajectory in a medium of enantio-pure chiral molecules based on the steady-state optical response which can be determined by solving the master equations.
A. Four-level model of chiral molecules
Each of the two enantiomers can be modeled simultaneously as the four-level chiral-molecule model consisting of a cyclic three-level subsystem and an auxiliary level as shown in Fig. 1 . Here, the indices L and R are introduced to represent respectively the left-and right-handed molecules which are mirror symmetry of each other. |k L and |k R (k = 0, 1, 2, 3) are respectively the desired k-th eigen-states of left-and righthanded molecules. Here, we neglect the parity violating energy differences due to the fundamental weak force [46] [47] [48] , thus |k L and |k R are with the same eigen-energy ω k . Three strong driving fields with amplitudes E 21 , E 31 , and E 32 and frequencies ν 21 , ν 31 , and ν 32 , are applied to resonantly couple respectively the transitions |2 Q ↔|1 Q , |3 Q ↔|1 Q , and |3 Q ↔|2 Q (Q = L, R) via the electric-dipole couplings. Thus it forms the cyclic three-level subsystem among |1 Q , |2 Q , and |3 Q . Meanwhile, a weak probe field E 10 with frequency ν 10 couples the ground state |0 Q to the cyclic threelevel subsystem via the transition |1 Q ↔|0 Q .
Under the dipole approximation and rotating-wave approximation, the Hamiltonian in the interaction picture with respect to
Here, ∆ = ω 1 − ω 0 − ν 10 denotes the detuning of probe field. Ω jk = µ jk E jk /2 describes the Rabi frequencies corresponding to the optical field E jk with µ jk the electric-dipole transition moment of the transition |j Q ↔|k Q . Without loss of generality, all these Rabi frequencies (Ω jk ) have been assumed to be positive. φ Q is the overall phases of the three Rabi frequencies corresponding to the cyclic three-level subsystem for the enantio-pure left-handed (Q = L) and righthanded (Q = R) molecules. The chirality of this model is specified by choosing the overall phases of the left-and righthanded molecules as
The dynamical evolution of the system is described by the master equations as
Here, D(ρ Q ) denotes the decoherence with [49] [D(ρ
where
where Γ jk denotes the pure population relaxation from state |j to |k resulting from spontaneous emission and inelastic collision process. γ dph jk represents the pure dephasing arising from elastic collision process. For chiral molecules in gaseous media, inelastic collision dominates the decoherence and thus the pure dephasing due to the elastic collision can be neglected [50] [51] [52] . Hence here we take γ dph jk → 0. For simplicity, we assume Γ 10 = Γ 20 = Γ 21 = Γ 30 = Γ 31 = Γ 32 = Γ in the following discussion.
B. Light deflection in a medium of enantio-pure chiral molecules
Light deflection phenomenon in a medium is the consequence of spatial variation of refractive index [38] [39] [40] . Note that as mentioned in Ref. [53] , the deflection angle obtained by an inhomogeneous optical field is found to be much larger than that obtained by using an inhomogeneous magnetic field. Therefore, we consider an inhomogeneous optical field to induce spatially inhomogeneous refractive index.
In order to estimate the deflection angle of the probe light, we begin with the (general) geometrical optics differential equation in the vector form [54] 
where s represents the length of the probe light trajectory in medium. ds = √ dx 2 + dz 2 is the length variation of the light ray during propagation. r(x, z) = x e x + z e z denotes a point on light ray where e x and e z are unit vectors along the axes. n is the spatially dependent refractive index corresponding to the probe light. For simplicity, we consider that the probe light injects the medium along z direction at position r 0 = (x 0 , 0). Here, we assume that the refractive index is only inhomogeneous in x direction, then its gradient [i.e. ∇n( r)] can reduce to ∇ x n(x). In the small deflection angle regime, the gradient of refractive index along the probe light trajectory is approximatively equal to that at the incident position
where n ′ ≡ dn/dx| x=x0 denotes the derivative of refractive index with respect to x. The Eq. (6) implies that the propagation trajectory of the probe light is determined by the refractive index of the medium. Thus, we then use the master equations (3) to derive the steady-state optical response which determines the refractive index corresponding to the probe light in a medium of enantio-pure chiral molecules.
Here, we follow the method in Ref. [55] to obtain the linear optical response which can sufficiently reflect the main physical properties of the propagation of the probe light. In the weak probe field approximation (Ω 10 ≪ Ω 21 , Ω 31 , Ω 32 , Γ) and steady-state condition (i.e. dρ Q /dt = 0), the zerothorder steady-state solution of the element ρ 
with
, (9) where κ j0 = i∆ + γ j0 (j = 1, 2, 3). Further, the linear susceptibility of a homogeneous medium of enantio-pure chiral molecules with molecular density N Q is defined as [56, 57] 
where ε 0 represents the permittivity of vacuum. Since |χ Q 10 | ≪ 1 in the gaseous medium whose density is low, the corresponding refractive index of the probe light is approximately determined by
Once the medium is driven by inhomogeneous optical field, a spatial variation of refractive index which is essential in light deflection can be induced for the probe light. Here, we assume that the Rabi frequencies Ω 21 and Ω 31 are homogeneous in space and the Rabi frequency Ω 32 has the Gaussian profile as
where Ω
32 characters the peak value of the Rabi frequency and σ represents the width of the profile.
Therefore, by replacing n (n ′ ) in the Eqs. (6) and (7) with n Q (n ′ Q ), we can derive the propagation trajectory of the probe light which travels in the medium of enantio-pure left-or right-handed molecules [38] 
In the small deflection angle regime, the deflection angle of the probe light when it exits from the medium can be finally estimated as [38] 
where l z is the length of the medium along z direction. As a result, the propagation trajectory and deflection angle of the probe light can be determined by Eqs. (13) and (14) .
C. Detecting the chirality of enantio-pure chiral molecules via light deflection
So far, the deflection angle of the probe light in a homogeneous medium of enantio-pure chiral molecules has been analyzed based on the related steady-state optical response. In the following, we illustrate how to detect the chirality of enantio-pure chiral molecules via monitoring the deflection angle of the probe light when it exits from the medium of chiral molecules.
In our simulations, we assume the population relaxation Γ/2π ≃ 0.1 MHz [51, 52] . Moreover, the values of the three Rabi frequencies corresponding to the cyclic three-level subsystem are typical in the current experimental conditions [28, 29 ] Ω 21 /2π, Ω 31 /2π, Ω Eq. (12)], the resultant gradient of refractive index will become chirality-dependent. In terms of the Fermat's principle [54] , the probe light traveling in the medium of enantiopure chiral molecules is always along the trajectory taking the least time. Thus, such a chirality-dependent gradient of refractive index can lead to completely different propagation trajectories of the probe light for the two enantiomers. As a consequence, the chirality of enantio-pure chiral molecules can be detected by monitoring the corresponding deflection angle of the probe light.
In Fig. 2 we give the propagation trajectory of the probe light in the medium of enantio-pure left-or right-handed molecules at different incident positions x 0 . Fig. 2(a) shows that a blue-detuned (∆/2π = −2.8 MHz) probe light experiences a "repulsive potential" away from the central position of Gaussian driving field for the medium of enantio-pure left-handed molecules, while it travels almost along z direction for the medium of enantio-pure right-handed molecules. On the contrary, it is shown in Fig. 2(b) that a red-detuned (∆/2π = 2.8 MHz) probe light feels an "attractive potential" for the medium of enantio-pure right-handed molecules but propagates almost along z direction for the medium of enantio-pure left-handed molecules. This means that the two enantiomers can be identified by measuring the deflection angle of the probe light. However, it is worth noting that the deflection angle is sensitive to the incident position x 0 . For example, when the incident position is set to be x 0 = 0 cm, neither the blue-detuned (∆/2π = −2.8 MHz) [ Fig. 2(a) ] nor red-detuned (∆/2π = 2.8 MHz) [ Fig. 2(b) ] probe light has significant deflection when it propagates in the medium of enantio-pure left-or right-handed molecules.
To find the working region where the probe light has a significant deflection, we further display the deflection angle corresponding to enantio-pure left-and right-handed molecules versus the incident position x 0 and detuning ∆ of the probe field in Fig. 2(c) and Fig. 2(d) , respectively. Here, we only present the numerical results in the region x 0 > 0 (e.g. x 0 = 0 ∼ 8 cm) since Ω 32 is symmetric in space [see Eq. (12)]. As one can see, if the incident position x 0 is set properly, the medium of enantio-pure left-handed molecules could lead to positive deflection angle at the detuning regions ∆/2π = −3.5 ∼ −2.5 MHz and ∆/2π = 3.5 ∼ 5 MHz [ Fig. 2(c) ], while the medium of enantio-pure right-handed molecules could result in negative deflection angle at the detuning regions ∆/2π = 2.5 ∼ 3.5 MHz and ∆/2π = −5 ∼ −3.5 MHz [ Fig. 2(d) ]. That means the working regions for the two enantiomers are well separated. This chirality-dependent phenomenon is useful in detecting the chirality of enantiopure chiral molecules. Whereas, light deflection phenomenon tends to disappear in the region ∆/2π = −2.5 ∼ 2.5 MHz for the medium of enantio-pure either left-or right-handed molecules. Consequently, we should adjust the parameters and find the working regions, then the chirality of enantiopure chiral molecules can be distinguished by monitoring the corresponding sign of the deflection angle of the probe light. Additionally, one can find that the deflection angle will be optimal if the probe light enters the medium at the position about x 0 = 4 cm. Hence, we assume the incident position of the probe light to be x 0 = 4 cm in the following discussions.
The deflection angle of the probe light should be large enough to ensure that our method can act as a tool for enantiodiscrimination. This immediately raises the interesting question weather the deflection angle can be controlled effectively. In Fig. 3 , we plot the deflection angle of the probe light corresponding to enantio-pure left-and right-handed molecules as a function of detuning ∆ for different Rabi frequencies corresponding to the Gaussian driving field [Ω 6 MHz] according to the current experimental conditions [28, 29] .
III. DETECTING ENANTIOMERIC EXCESS OF CHIRAL MIXTURE
In the above section, we have demonstrated that the chirality of enantio-pure chiral molecules can be detected by monitoring the deflection angle of the probe light. Further, such a chirality-dependent deflection angle can also be utilized to detect the enantiomeric excess of chiral mixture.
A. Light deflection in a medium of chiral mixture
We now turn to consider the probe light propagating in a medium of chiral mixture. In this case, both kinds of leftand right-handed molecules in the medium have effect on the propagation trajectory of the probe light, thus the linear susceptibility of a homogeneous medium of chiral mixture with total molecular density N = N L + N R is written as
where χ L 10 and χ R 10 can be derived via Eq. (10). Now, N L and N R are, respectively, the densities of left-and right-handed molecules in the medium of chiral mixture. Based on Eq. (11), the corresponding refractive index of the probe light is approximately equal to
Re(χ
. (16) According to the above approximation, the derivative of refractive index with respect to x is given as
The propagation trajectory of the probe light in the medium of chiral mixture is also described by the geometrical optics differential equation (6) . Therefore, based on the calculations in Sec. II, we can estimate the deflection angle of the probe light given by
Here, θ L and θ R can be used to respectively describe the contributions of left-and right-handed molecules to the deflection angle of probe light. In the next subsection, we will illustrate how to detect the enantiomeric excess of chiral mixture via such a deflection angle.
B. Detecting the enantiomeric excess of chiral mixture via light deflection
As shown in the last section, each of the two enantiomers can lead to prominent light deflection at two regions [the two regions ∆/2π = −3.5 ∼ −2.5 MHz and ∆/2π = 3.5 ∼ 5 MHz for enantio-pure left-handed molecules in Fig. 2(c) , and the two regions ∆/2π = 2.5 ∼ 3.5 MHz and ∆/2π = −5 ∼ −3.5 MHz for enantio-pure right-handed molecules in Fig. 2(d) ]. For convenience, we only focus on the two working regions ∆/2π = −3.5 ∼ −2.5 MHz and ∆/2π = 2.5 ∼ 3.5 MHz. In Fig. 4(a) , we show the deflection angle of the probe light versus the detuning of the probe light (∆) for different percentages of two enantiomers in the chiral mixture. Apparently, there are two characteristic peaks of deflection angle at ∆/2π = −2.5 MHz ≡ ∆ I /2π and ∆/2π = 2.5 MHz ≡ ∆ II /2π. It is shown that the amplitude of deflection angle at the detuning ∆ I is larger (smaller) than that at ∆ II when the density of left-handed (right-handed) molecules in the chiral mixture is larger. These results suggest that the percentages of the two enantiomers are directly associated with the deflection angles of the probe light at the two characteristic detunings. To further investigate this property, in Fig. 4(b 
, and θ R (∆ II ) as a function of the enantiomeric excess which is defined as ε ≡ NL−NR NL+NR . As one can see, at the detuning ∆ I (∆ II ), the contributions of left-handed (right-handed) molecules is prominent while that of right-handed (left-handed) molecules tends to be negligible. This implies that, in appropriate region of parameters, the contributions of left-handed (right-handed) molecules to the deflection angle at the detuning ∆ II (∆ I ) can be approximately reduced to
Applying this approximation to Eq. (19), we can obtain
As a result, the enantiomeric excess of chiral mixture can be estimated as
where "m" denotes the measured value. Therefore, in order to detect the enantiomeric excess of chiral mixture, we should adjust the parameters to find two characteristic peaks for the light deflection angle at two different detunings of probe light where the corresponding amplitudes of two deflection angles are approximately proportional to the densities of left-and right-handed molecules, respectively. As mentioned above, enantio-pure left-and right-handed molecules could respectively lead to significant deflection of the probe light at different working regions [see in Fig. 2(c) and Fig. 2(d) ]. However, if there are overlaps between the working region related to enantio-pure left-handed molecules and that related to right-handed molecules, the corresponding measurement precision will suffer from such overlaps due to the failure of θ L (∆ II ) ≃ 0 and θ R (∆ I ) ≃ 0. Therefore, it is necessary to evaluate the measurement precision of our method. Here, we introduce the absolute error δ = ε m − ε (23) to describe the measurement precision and verify the robustness of δ against a variation of the enantiomeric excess ε and Rabi frequency Ω ) 32 is taken. The principle of our method is based on the light deflection effect in a homogeneous medium of chiral molecules subjected to inhomogeneous external field. In practice, the deflection angle of the probe light can be monitored by some optical instruments such as position sensitive detector (PSD) [17] [18] [19] 43] and charge-coupled device (CCD) [14, 58] . Note that the resolution of PSD can reach about 1 µrad [17, 18] , thus the induced chirality-dependent deflection angle which is about 0.1 ∼ 0.2 rad is sufficient for enantio-discrimination.
Our investigation focus only on the chirality-dependent light deflection effect at zero temperature (T = 0 K), where the populations initially distribute in the ground state of the four-level chiral-molecule model. However, when considering the case of finite temperature, there would be thermal distribution of initial populations in the three excited states. This thermal distribution will have impact on the amplitude of the deflection angle. Note that only the vibrational ground state is thermally occupied in "cold" experiments [28, 31, 33, 59, 60] . Therefore, we can choose different vibrational states to construct the transition coupled by the weak probe field, and thus only the ground state of the four-level chiral-molecule model is occupied initially.
IV. CONCLUSION
In conclusion, we have proposed a theoretical method for enantio-discrimination based on the light deflection effect in a four-level chiral-molecule model consisting of a cyclic three-level subsystem and an auxiliary level. The key idea is to induce spatially inhomogeneous refractive index which is chirality-dependent using an inhomogeneous driving field, and then the chirality of enantio-pure chiral molecules can be mapped on the deflection angle of the probe light. We also investigate the effect of the Rabi frequency corresponding to the inhomogeneous driving field on the deflection angle and the results show that the amplitude of deflection angle can be controlled effectively via such a Rabi frequency. Further, we demonstrate that such a chirality-dependent light deflection angle can also be utilized to detect the enantiomeric excess of chiral mixture with uniform molecular density. Moreover, we also evaluate the measurement precision of our method. It is shown that we can obtain affordable measurement precision which is fairly robust against a small variation in the Rabi frequency and enantiomeric excess. Therefore, our method may act as a tool for enantio-discrimination and have potential applications in biology and chemistry.
where κ j0 = κ * 0j = i∆ + γ j0 (j = 1, 2, 3). In the weak probe field approximation (Ω 10 ≪ Ω 21 , Ω 31 , Ω 32 , Γ) and steady-state condition (i.e.ρ jk = 0), the linear optical response for the probe light can be obtained by applying the perturbation approach to the elements ρ jk , which is introduced in terms of perturbation expansion [55] 
We assume that the initial state is the ground one |0 Q . Thus the zeroth-order solutions of density matrix elements are given by (A37)
